The close association of microglia with A␤ in AD brains A␤s, which are a minor component of the A␤ in human suggests that receptors might be involved in the interaccerebrospinal fluid and plasma, are critically important tion. Receptor interactions would be important in proin AD, where they deposit selectively in all types of senile moting endocytic or phagocytic clearance of A␤, but plaques (Gravina et al., 1995) , and that most of the A␤ there has been no characterization of receptors that in isolated senile plaque cores ends at A␤ 42 (Roher et promote binding of A␤ fibrils or aggregates. It has been al., 1993a, 1993b), we used synthetic A␤ 1-42 in our reported that ameboid microglia found in spinal cord experiments to model AD amyloid plaque in vitro. and brain have several morphologic or functional propTo characterize the macromolecular assemblies erties in common with macrophages. They are able to formed by the synthetic A␤ 1-42 under our experimental engulf 5 m latex beads (Giulian, 1987) and contain the conditions, the structures formed by synthetic A␤ 1-42 macrophage surface receptors (␣M␤2 integrin) in pH 7.4 labeling medium were observed by light and (Akiyama and McGeer, 1990; Giulian, 1987; Perry et al., electron microscopy and compared with A␤ 1-42 fibrils 1985), MAC-3 (Giulian and Baker, 1986) , and immunoformed in pH 5 medium. Negative stain electron microsglobulin Fc receptors (Akiyama and McGeer, 1990) . Uncopy of structures formed by Cy3-labeled A␤ (Figures like astroglia or oligodendroglia, they also have the 1c and 1d) and unmodified A␤ (data not shown) revealed capacity to bind and internalize acetyl-low density lipoaggregates with diameters of up to several microns (Figprotein (Ac-LDL) (Giulian, 1987; Giulian and Baker, ure 1c) . At higher magnification, small fibrils with diame-1986). In mouse peritoneal macrophages, scavenger reters of ‫01ف‬ nm were present within aggregates (Figure ceptors (SRs) have been shown to mediate the high 1d). The fibrillar morphology was typical of amyloid agaffinity binding of Ac-LDL and its internalization and gregates induced in vitro (Burdick et al., 1992) . Consislysosomal degradation, and this binding can be inhibited tent with the electron microscopic data, observations by a wide variety of compounds in a simple competition of aggregates using fluorescence microscopy indicated assay (Goldstein et al., 1979; Krieger et al., 1993) . Macrothat dilution of A␤ 1-42 into HEPES-buffered labeling phage SR ligands include certain types of chemically medium yields a mixture of mostly small aggregates that modified proteins such as Ac-LDL, oxidized LDL, and appeared as point sources by fluorescence microscopy maleylated bovine serum albumin (M-BSA) (but not their (microaggregates, size < 400 nm) and a few larger aggreunmodified counterparts), polyribonucleotides such as gates (size > 10 m; data not shown). These microagpoly I and poly G, anionic polysaccharides such as dexgregates exhibited green fluorescence when incubated tran sulfate and fucoidan, and other molecules (Krieger with thioflavin T, which is characteristic for ␤-amyloid and Herz, 1994) . Furthermore, ligands for the SR have (Burdick et al., 1992; Cotman et al., 1992) . Longer aggrebeen reported to activate some signaling pathways in gation times of up to 2 days did not significantly increase macrophages (Johnson et al., 1982; Johnston et al., the size or amount of the aggregates as seen by optical 1987; Palkama, 1991) . It has been reported that in macmicroscopy and did not affect uptake by microglia. rophages, ligation of SR by oxidized LDL initiates a pertussis toxin-sensitive signaling pathway, which involves hydrolysis of PIP 2 and which can suppress expression of Microglia Internalize Cy3-Labeled A␤ the tumor necrosis factor ␣ (TNF␣) gene by modulating
Microaggregates into the Same activation of NF k B (Shackelford et al., 1995) .
Vesicles as ␣ 2 Macroglobulin To address the question of A␤ removal and clearance, To study the interactions between microglia and A␤, we we examined whether microglia of the mouse CNS are added synthetic A␤ microaggregates to mouse microcapable of internalizing A␤ microaggregates. Using an glia primary cultures. When adherent microglia were in vitro model in which A␤ is added to cell culture media, incubated with Cy3-labeled 1-42 A␤ microaggregates, we found that primary cultures of murine microglia interwe found the microglia rapidly internalized the A␤ partinalize aggregates of labeled A␤ peptide (1-42). We precles. Microglia became brightly labeled by a 10 min sent evidence that ligands for the macrophage SRs efincubation with 1 g/ml Cy3-A␤ microaggregates (Figfectively compete with A␤ particles for binding to the ure 1a). Microglia took up the fluorescent A␤ micro-SR, indicating that the SR plays a major role in the aggregates into discrete vesicles, visible as punctate binding and internalization of A␤ by microglia.
fluorescence distributed throughout the cell. About 80%-90% of the cells showed uptake of fluorescent microaggregates, although the level of uptake varied Results among cells. Both ameboid and ramified microglia internalized Cy3-labeled A␤ microaggregates. Ramified miPreparation of ␤-Amyloid Microaggregates croglia had bright punctate fluorescence all along their The kinetics of A␤ fibril assembly and insoluble aggrelong processes. gate formation are dependent on many factors, such as To characterize the compartments containing Cy3-A␤ fragment length, solution pH, peptide concentration, A␤, microglia were incubated with it and FITC-labeled incubation time, presence of organic solvents, seeding, ␣ 2 Macroglobulin (␣ 2 M), which follows a typical pathway and ionic strength (Burdick et al., 1992; Cotman et al., of receptor-mediated endocytosis into endosomes and 1992; Snyder et al., 1994) . A␤ 1-42 has been shown to then lysosomes (Yamashiro and Maxfield, 1987) . We aggregate much more rapidly than A␤ 1-40 or shorter found that Cy3-labeled A␤ is taken up into the same peptides (Snyder et al., 1994) , and both the rate and vesicles as ␣2M, indicating that the A␤ microaggregates extent of assembly are much higher at pH 5.0 than at pH 7.4. Because it was previously reported that the 1-42 rapidly enter endosomes (Figures 1a and 1b) . At longer Cy3-A␤ microaggregates (1 g/ml final concentration) were formed as described in Experimental Procedures. FITC-labeled ␣ 2 M was then added to the medium containing Cy3-A␤ microaggregates, and this medium was added to microglia isolated from mixed glial cultures with 12 mM lidocaine. After 10 min at 37ЊC, the cells were rinsed, fixed, and visualized by fluorescence microscopy for Cy3-A␤ (a) and FITC-␣ 2M (b incubation times (30-60 min), both Cy3-A␤ and ␣2M fluocells incubated with A␤, fixed but not permeabilized, showed some surface labeling of A␤ antibody (Figure rescence becomes increasingly concentrated in organelles around the nucleus (data not shown), consistent 2b), but the labeling was significantly less than in the permeabilized cells (Figure 2a ). This indicates that most with delivery to late endosomes and lysosomes.
To examine the mechanism of A␤ microaggregate upof the microaggregates of unlabeled A␤ are internalized by microglia, similar to the internalization observed with take by microglia, we tested whether the internalization could be saturated. We found that microglia incubated Cy3-A␤. for 15 min with increasing Cy3-A␤ microaggregate concentrations showed progressively brighter internal fluorescent labeling up to a concentration of about 50 g/ Receptor-Associated Protein, a 39 kDa Lipoprotein Receptor-Related Protein ml. Microglia incubated with Cy3-A␤ microaggregate concentrations higher than 50 g/ml showed no inAntagonist, Did Not Block A␤ Uptake Since microglia take up activated ␣2M, which is a ligand crease in internal labeling (data not shown). This suggested that the Cy3-A␤ microaggregate uptake is satufor a multifunctional receptor, the lipoprotein receptorrelated protein (LRP), we investigated whether this rerable and is not fluid-phase internalization.
ceptor was responsible for uptake of A␤ microaggregates by microglia. Kounnas et al. (1995) had found Microglia Internalize Unlabeled A␤ Microaggregates Labeling a protein with a fluorescent dye may alter its that the secreted form of ␤APP containing the Kunitz protease inhibitor domain is internalized and degraded interaction with receptors . To verify that microglia could internalize unmodified A␤ microaggreby mouse embryonic fibroblasts via LRP, and the uptake can be blocked by the receptor-associated protein gates, we incubated microglia for 30 min with different concentrations of unlabeled A␤ microaggregates and (RAP). RAP is a 39 kDa LRP antagonist that binds LRP at several sites and blocks ligand-binding activity (Herz then visualized the A␤ by immunostaining with a monoclonal antibody against A␤ peptide. We found that miet al., 1991) . We incubated microglia with up to 80 g/ml RAP for croglia were able to internalize microaggregates of unmodified A␤ (Figure 2a ). The uptake looked somewhat 60 min, then added medium containing both Cy3-A␤ microaggregates and RAP. We found that the uptake of different from that of Cy3-labeled A␤; unlabeled A␤ seemed to form larger microaggregates than Cy3-A␤, Cy3-A␤ was not affected by RAP (data not shown). Similar experiments were performed using unlabeled A␤ and and the A␤ associated with the microglia was often in larger particles. The basis for the difference in aggregate RAP, where internalized A␤ was detected by immunostaining. RAP had no significant effect on unlabeled A␤ size is not known.
To verify that the A␤ microaggregates had actually uptake (Figures 3a and 3b) . We also tried blocking Cy3-A␤ uptake by coincubation with excess unlabeled ␣ 2 M been internalized by the microglia and were not just sticking to the cell surface, we incubated two sets of and found that concentrations of up to 1 mg/ml activated ␣ 2 M did not compete with A␤ binding (data not shown). cells with A␤ microaggregates. Before labeling the cells with the anti-A␤ antibody, we permeabilized one set and Therefore, LRP binding was not required for A␤ uptake by microglia. not the other with 0.1% Triton X-100. We found that Excess Ac-LDL and Fucoidan Block Uptake of A␤ Microaggregates Because the macrophage SRs are known to bind a wide variety of ligands (Goldstein et al., 1979; Krieger et al., 1993; Krieger and Herz, 1994) , it seemed possible that SRs, in microglia, were mediating the binding and internalization of both Ac-LDL and A␤ microaggregates.
We verified that our microglial cultures bound and internalized Ac-LDL saturably. Cells incubated with 5 g/ml DiI-Ac-LDL (Ac-LDL labeled with the fluorescent lipid analog, DiI) showed intense labeling of endosomes (Figure 4a ), which was competed by a 40-fold excess of unlabeled Ac-LDL ( Figure 4b ). We then examined the effect of excess Ac-LDL on uptake of Cy3-A␤ microaggregates. We incubated microglial cultures for 20 min at 37ЊC with labeling medium (Figure 4c ) or 200 g/ml Ac-LDL (Figure 4d ), then continued the incubation for an additional 10 min with 2 g/ml Cy3-A␤ microaggregates. We found that the binding and uptake of Cy3-A␤ microaggregates were blocked by excess Ac-LDL, suggesting that Cy3-A␤ and Ac-LDL are binding to the same receptor, probably one of the SRs. As described below, this concentration of Ac-LDL did not affect the uptake of Cy3-labeled transferrin (Tf) by microglia (see Figure 7 ).
There are two class A SR isoforms, type I and type II, that are generated by alternative splicing of a message encoded by a single gene. Macrophages express both types of SR-A in vitro and in vivo. Type II SR-As differ from type I receptors only in that they lack the 110-residue cysteine-rich C-terminal domain found on type I receptors. The type II SR-A exhibits similar high affinity broad-specificity ligand binding as type I SR-As (Krieger and Herz, 1994) . Both types of SRs bind Ac-LDL, and the binding can be competed with excess M-BSA or by anionic polysaccharides such as fucoidan and dextran sulfate. Recently, another class of SR has been characterized, called a class B SR, which has different ligand binding properties from the type I and II receptors and is a member of the CD36 family of membrane proteins (Acton et al., 1994; Freeman et al., 1991; Penman et al., 1991; Rigotti et al., 1995) . These receptors are expressed primarily in fat, lung, liver, and nonplacental steroidogenic tissues. They bind native LDL, chemically modified LDL, M-BSA, and high density lipoprotein with high affinity, but polyanion binding is weaker than to class A SRs (Acton et al., 1996) . The binding of Ac-LDL to type B SRs can be effectively blocked by low doses of M-BSA.
Ligands for the type A SRs, such as fucoidan and dextran sulfate, effectively blocked DiI-Ac-LDL uptake in microglia. Concentrations of 500 g/ml of either fu- were incubated with A␤ microaggregates (20 g/ml) at 37ЊC for 30
Excess fucoidan also competed for uptake of Cy3-min and then fixed. One set of cells was then permeabilized with 0.1% Triton X-100 for 20 min at room temperature, while the other A␤ microaggregates. Microglia were incubated with 1 set was incubated in medium 1. Both sets were then processed g/ml Cy3-A␤ in the absence or presence of fucoidan both Cy3-A␤ microaggregates and DiI-Ac-LDL (data not shown). A␤ microaggregates (20 g/ml) were formed as described in Experimental Procedures. Where indicated, RAP (40 g/ml) was then added to the medium containing A␤ microaggregates. Cells were incubated for 5 min at 37ЊC in the absence (a) or presence (b) of RAP (40 g/ml). The cells were then incubated for 30 min with A␤ microaggregates in the absence (a) or presence (b) of RAP. The cells were then rinsed, fixed, and permeabilized. The A␤ was detected by immunofluorescence as described in Experimental Procedures. Scale bar, 20 m.
We also examined the uptake of 125 I-labeled A␤ miwas blocked by coincubation with excess Ac-LDL, fucroaggregates by microglia. As shown in Figure 5 , upcoidan, or M-BSA. These competitive inhibitors did not take of the labeled microaggregates (1 g/ml) was inhibblock the uptake of 125 I-Tf by a CHO cell line transfected ited by Ac-LDL (10 g/ml), fucoidan (10 g/ml), or with the human Tf receptor (Figure 8b ).
125
I-Tf binding M-BSA (10 g/ml).
specificity was checked by control experiments where It is known that SRs bind with high affinity to certain the incubation medium contained excess unlabeled diproteins that have been chemically modified, such as ferric Tf. Although all three competitive inhibitors signifiAc-LDL, oxidized LDL, or M-BSA, but do not bind their cantly decreased A␤ uptake, some were more effective unmodified counterparts. We therefore checked that uncompetitors than others. The class B SR-mediated upmodified A␤ microaggregates could also be internalized take of 125 I-labeled A␤ microaggregates was more effecby microglia in the same way that the modified forms tively blocked by Ac-LDL and M-BSA than it was by of A␤ microaggregates were internalized. We incubated excess fucoidan, whereas class A SR-mediated uptake microglia with 20 g/ml unlabeled A␤ microaggrewas more effectively blocked by Ac-LDL and fucoidan gates mixed with increasing amounts of Ac-LDL. The than by M-BSA. uptake of A␤ was then detected by immunofluorescence. As shown in Figures 6c and 6d , Ac-LDL signifiExcess Unlabeled A␤ Microaggregates Were cantly blocked the uptake of unlabeled A␤ microaggregEffective at Blocking DiI-Ac-LDL Uptake ates when compared to control cells (Figure 6a ).
To verify that the A␤ microaggregates were binding to Furthermore, the effect of Ac-LDL is nearly maximal at the same SR receptor as Ac-LDL, we tested whether 50 g/ml (compare Figure 6c and Figure 6d ). A␤ uptake, A␤ particles could block DiI-Ac-LDL binding to the SR. like Ac-LDL and Cy3-A␤ uptake, is effectively blocked Microglia were incubated for 30 min at 37ЊC with labeling by 500 g/ml fucoidan (Figure 6b ) or 500 g/ml dextran medium containing either BSA (Figure 9a ), 100 g/ml sulfate (data not shown).
Ac-LDL (Figure 9b ), or A␤ microaggregates at concenWe quantified the competition of A␤ uptake by meatrations from 100-500 g/ml (Figures 9c and 9d ). DiIsuring the total fluorescence power per cell from the Ac-LDL at a concentration of 1 g/ml was then added to experiments shown in Figures 4 and 6 using digital image analysis as described in Experimental Procedures each of the different media already containing Ac-LDL, (Figure 7 ). The data show significant inhibition of both BSA, or A␤ microaggregates, and the cells were incuCy3-A␤ and unlabeled A␤ uptake by excess Ac-LDL bated for an additional 10 min. We found that A␤ miand fucoidan. These same concentrations of Ac-LDL croaggregates reduced DiI-Ac-LDL uptake in a dosehad no effect on Cy3-labeled Tf uptake by microglia dependent manner. At 500 g/ml, A␤ microaggregates ( Figure 7) .
reduced DiI-Ac-LDL uptake as effectively as 100 g/ml Recently, CHO cell lines expressing the hamster class Ac-LDL. B SRs (haSR-B1) or the type I or type II murine class A SRs (mSR-AI and mSR-AII) have been created (Acton Discussion et al., 1994; Ashkenas et al., 1993; Rigotti et al., 1995) . We examined the uptake of 125 I-labeled A␤ microaggreThe presence of activated microglia within amyloid gates by these cells and the untransfected parental CHO plaque cores has led to proposals that microglia may cells. As shown in Figure 8a Microglia were incubated for 10 min at 37ЊC in labeling medium (with 2 mg/ml ovalbumin) with either Cy3-A␤ microaggregates or DiIAc-LDL. Where indicated, cells were incubated with competing ligands before and during the addition of the labeled ligands. The cells were then rinsed, fixed, and viewed by fluorescence microscopy. Microglia were incubated with 5 g/ml DiI-Ac-LDL (a), 5 g/ml DiI-Ac-LDL ϩ 200 g/ml Ac-LDL (b), 2 g/ ml Cy3-A␤ (c), 2 g/ml Cy3-A␤ ϩ 200 g/ml Ac-LDL (d), 20 g/ml DiI-Ac-LDL (e), 20 g/ ml DiI-Ac-LDL ϩ 500 g/ml fucoidan (f), 1 g/ml Cy3-A␤ (g), and 1 g/ml Cy3-A␤ ϩ 500 g/ml fucoidan ( al. Perlmutter et al., 1990; Wisniewski et al., 1990) , beled A␤ (Figures 6 and 7) , and measurements of cellassociated radioactivity after incubation with radiolaand more recently, it was shown that rat microglia, astrocytes, and a human THP-1 monocyte cell line could beled A␤ (Figures 5 and 8) . Finally, A␤ microaggregates were able to block uptake of DiI-Ac-LDL (Figure 9 ), condegrade A␤ 1-42 added to the culture medium (Shaffer et al., 1995) . However, there has been no characterizafirming that both Ac-LDL and A␤ microaggregates compete for the same receptor. tion of the mechanism of clearance of A␤ aggregates or the receptors involved.
The uptake of A␤ via an SR may play a role in clearance of A␤, which is produced continuously in normal and The data presented in this paper show that murine microglia can internalize A␤ microaggregates. We have AD brains (Golde et al., 1993; McGeer et al., 1992) . Both the LRP (Rebeck et al., 1993) and presented several types of evidence that are all consistent with saturable uptake of A␤ microaggregates to a the macrophage SR are expressed on microglia in the human brain. The SR is not expressed on astrocytes, SR. Internalization of A␤ microaggregates is saturable, and four ligands for the SR, Ac-LDL, fucoidan, M-BSA, neurons, or vessel-associated structures. In AD, there is a strong expression of the SR on activated microglia and dextran sulfate, are each able to block the uptake of A␤ microaggregates by microglia as well as by CHO in the vicinity of senile plaques (Christie et al., 1996) . It has also been found that in the brain, microglia will cell lines expressing an SR. The inhibition could be demonstrated by direct observation of internalized Cy3-A␤ express the SR in response to different forms of injury in the CNS (Bell et al., 1994). (Figures 4 and 7) , immunofluorescent detection of unla- Microglia were incubated for 2 hr at 37ЊC with labeling medium (DMEM containing 10 mg/ ml BSA) and 1 g/ml 125 I-labeled A␤ microaggregates alone or with medium containing both A␤ microaggregates and 10 g/ml either Ac-LDL, M-BSA, or fucoidan. After the incubations, unbound ligand was removed with three washes of labeling medium. The cells were chased for 30 min, then rinsed again, solubilized, and cell-associated 125 I-labeled A␤ was measured. A background of 125 Ilabeled A␤ sticking to wells with no cells was subtracted from the total counts (which was less than 10% of control binding). The data shown are an average of the radioactivity in three wells per condition from a representative experiment. Error bars show SEM.
Although LRP is expressed on microglia, it is not invariety of modified proteins. The class A SRs contain a cluster of positively charged residues in their collagevolved in the uptake of A␤ 1-42 microaggregates by microglia. The internalization of both labeled and unnous domain that are highly conserved and may provide sticky surfaces that function as "molecular flypaper" for modified A␤ microaggregates by microglia was not significantly affected by coincubation with RAP or excess high affinity binding (Krieger and Herz, 1994) . However, in general the exact determinants that confer binding ␣ 2 M (Figure 3) . We cannot rule out a minor component of A␤ uptake by LRP, but the effect of competing ligands ability upon SR ligands have not been identified yet. SR ligand binding is complex not only because of its for LRP is small if compared to the robust reduction in uptake seen when microglia were incubated with excess broad specificity, but also because it exhibits nonreciprocal cross-competition (i.e., one ligand efficiently comAc-LDL and A␤ microaggregates.
Ligand binding to SRs is characterized by high affinity petes for the binding of a second ligand while the second ligand only partially competes for the binding of the first) and broad specificity. All types of SRs recognize a wide Microglia (isolated with 12 mM lidocaine) were preincubated in labeling medium for 15 min at 37ЊC with either 1 mg/ml BSA (a), 500 g/ml fucoidan (b), 50 g/ml Ac-LDL (c), or 500 g/ml Ac-LDL (d). The cells were then incubated for a further 30 min with unlabeled A␤ microaggregates with the same additions as in the preincubation. The cultures were then rinsed, fixed, and permeabilized, and the A␤ microaggregates were detected by immunofluorescence. Each of the competing ligands effectively blocked uptake of A␤ microaggregates. Scale bar, 20 m.
A␤ clearance in the brain. Nevertheless, the possibility of A␤ microaggregate uptake by SR-B or other SRs cannot be completely ruled out.
We have demonstrated that microglia are capable of rapid internalization of small A␤ microaggregates and that these microaggregates enter the same endosomes as ␣ 2 M, suggesting that, in microglia, A␤ microaggregates are delivered to late endosomes and lysosomes. We found that smaller A␤ particles were readily internalized, whereas the larger particles were usually found bound to the surface of the cells at the end of 10-30 min incubations. Further experiments will be required to determine whether microglia are not capable of taking up large A␤ particles or cannot internalize the larger particles in the relatively short incubation time we used in this study. In AD brain tissue, activated microglia are found around plaques that are much larger than the A␤ microaggregates used in these experiments, and these plaques contain other proteins besides A␤, such as apolipoprotein E (Schmechel et al., 1993) . It is not known if microglia are capable of internalizing and degrading plaque in the brain.
Because activated microglia, which are the main in- of PIP 2 and which can suppress expression of the TNF␣ gene by modulating activation of NF k B (Shackel-(Freeman et al., 1991; Krieger, 1992) . This might be due ford et al., 1995) . Several treatments have been reported to the presence of multiple binding sites on a single to affect SR activity in cultured macrophages. These receptor or multiple receptor conformations with differinclude phorbol esters, endotoxin, poly[I:C], macroent binding properties or even to the expression of other phage colony-stimulating factor, platelet secretory classes of SR other than class A and B.
products, conditioned medium from stimulated lymphoWe found that both class A and class B SRs could cytes, transforming growth factor ␤1, interferon-␥, retimediate uptake of radiolabeled A␤ microaggregates by noic acid, and dexamethasone (Krieger and Herz, 1994) . transfected CHO cells (Figure 8) . Uptake of A␤ microaThere have been many studies on the role of excess ggregates by microglia was blocked well by all SR liproduction of A␤ in the formation of plaques in the AD gands tested (Ac-LDL, fucoidan, dextran sulfate, and brain. Amyloid deposition and accumulation may de-M-BSA). Class A SRs are expressed on macrophagepend, however, not only on the rate of A␤ synthesis, but like cells, including microglia (Christie et al., 1996;  also on the rate of its removal. Excess synthesis of A␤ Krieger and Herz, 1994) , but class B SRs are expressed aggregates may overwhelm the capacity of microglia to primarily in liver, ovary, and adrenal gland. Some expresremove them. Alternately, since the expression of SR-A sion of mSR-B was also found in testis, mammary gland, by microglia is regulated, under certain conditions, inadand heart, but there was little expression in brain (Acton equate clearance could occur if insufficient SR were et al., 1996). Based on the tissue distribution, it seems available to clear A␤. This could lead to accumulation of amyloid even if the rate of production was not increased. likely that SR-A is the SR that plays a significant role in (a) CHO cells were incubated for 2 hr at 37ЊC with labeling medium with 1 g/ml 125 I-labeled A␤ microaggregates alone or with medium containing both A␤ microaggregates and 10 g/ml either Ac-LDL, M-BSA, or fucoidan. After the incubations, unbound ligand was removed with three washes of labeling medium. The cells were chased for 30 min, solubilized with 1 N NaOH, and cell-associated 125 I-labeled A␤ was measured. From left to right: CHO parental cell line incubated with 1 g/ml 125 I-labeled A␤ microaggregates; CHO cells transfected with mSRA-I incubated with 1 g/ml 125 I-labeled A␤ microaggregates alone or with 10 g/ml Ac-LDL, fucoidan, or M-BSA; CHO cells transfected with mSRA-II incubated with 1 g/ml 125 I-labeled A␤ microaggregates and these same inhibitors; CHO cells transfected with haSRA-B1 incubated with the same inhibitors; ldlA7 parental cell line incubated with 1 g/ml 125 I-labeled A␤ microaggregates. (b) For Tf uptake, TRVb1 cells were incubated with 125 I-Tf in iron-poor medium (McCoy's 5A medium) for 30 min, rinsed six times with incubation medium, and solubilized with 1 N NaOH. Cell associated 125 I-labeled Tf was counted. The incubation medium contained either 125 I-labeled Tf (1 g/ml) alone or with 200 g/ml of unlabeled diferric Tf, Ac-LDL, fucoidan, or M-BSA. The data presented are averages of the radioactive counts from three dishes per condition from a representative experiment. Error bars give the SEM.
Experimental Procedures
cultures could then be shaken every 3-4 days for 2 to 3 weeks. Microglia were harvested by orbital shaking for 20 min in DMEM or, where noted, in DMEM with 12 mM lidocaine (Sigma, St. Louis, MO).
Isolation of Microglia
We prepared primary cultures of mixed glia from newborn mice and Cells were centrifuged for 10 min at 1450 RPM and plated onto 35 mm diameter plastic tissue culture dishes whose bottoms had been then isolated the weakly adherent microglia from cell monolayers according to a previously described method (Nakajima et al., 1989;  replaced with poly-D-lysine-coated No. 1 glass coverslips (Salzman and Maxfield, 1988 ) at a density of 10 4 -10 5 cells/coverslip. Shaking Giulian and Baker, 1986). We obtained neocortical tissues of newborn mice, removed the meninges, minced, and incubated the tisone 75 cm 2 flask of mixed glial cultures usually yielded enough microglia for ten coverslips. For 125 I-A␤ uptake experiments, microsues in 2.5% trypsin (Worthington Biochemical Corporation, Freehold, New Jersey) and 0.01% deoxyribonuclease I (DNase) glia were plated on poly-D-lysine-coated 24 well trays at the same density (10 5 cells/well). (Worthington) in phosphate-buffered saline (PBS) for 3 min at 37ЊC. The tissue was triturated with fire-polished pipets in 0.1 g/ml
We used the uptake of DiI-Ac-LDL by microglia to assess the purity of our microglial cultures, because microglia, unlike astroglia DNase in Dulbecco's modified Eagle's medium (DMEM) (Gibco Laboratories, Grand Island, NY) with 10% fetal bovine serum (FBS) or oligodendroglia, have the Ac-LDL receptor (Giulian and Baker, 1986) . Over 95% of the cells harvested after shaking and lidocaine (Gibco). The cells were centrifuged for 5 min at 350 g, and the pellet was resuspended in DMEM with 10% FBS and penicillin/ treatment took up DiI-Ac-LDL. After a day in culture, the cells exhibited two predominant morstreptomycin. The supernatant was passed through a 145 m mesh, recentrifuged for 5 min, resuspended, passed through a 33 m phologies, an elongated ramified form and an ameboid form. Ramified cells are generally viewed as resting or quiescent microglia that mesh, and centrifuged one more time. Cells were resuspended in growth medium then plated in 75 cm 2 flasks coated with poly-Dlack phagocytic properties (Giulian and Baker, 1986 ), but we found the two cell types did not differ in their ability to bind and take up lysine at a density of about 1.5-2.0 ϫ 10 7 cells per flask (about five cortices per flask). The mixed glial cultures were grown in bicarbonDiI-Ac-LDL. ate-buffered DMEM supplemented with 10% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin (Gibco) at 37ЊC in a 5% CO 2 CHO Cell Lines Cell line pJA 28-C5, expressing the murine class A type 1 SR(mSRhumidified air atmosphere. The mixed glial cultures were grown for 1 week before microglia were collected from the flasks. Mixed glial AI) (Ashkenas et al., 1993), cell line pJA 22-1 C8, expressing the Figure 9 . Unlabeled A␤ Microaggregates Block DiI-Ac-LDL Uptake A␤ microaggregates were prepared at concentrations from 50-500 g/ml. Ac-LDL was diluted to a concentration of 100 g/ml. Microglia were incubated for 30 min at 37ЊC with labeling medium containing either Ac-LDL (b), A␤ microaggregates (c-d) or BSA (a). DiIAc-LDL at a concentration of 1 g/ml was then added to each of the different media and the cells were incubated for an additional 10 min. The cells were then rinsed, fixed, and viewed by fluorescence microscopy. Bar, 20 m. Fucoidan and dextran sulfate were from Sigma. RAP was generously pressing the hamster class B type 1 receptor (Acton et al., 1994; Rigotti et al., 1995) , as well as the parental cell lines, CHO and ldlA7, provided by Dr. I. Goldberg (Columbia University, NY). For all our studies on the uptake of Cy3-labeled A␤ and unlabeled were generously provided by Dr. M. Krieger (MIT, Cambridge, MA) . For measurements of Tf uptake, TRVb1 cells were used. This cell A␤ microaggregates, the peptide was preaggregated before being added to microglial cultures. A␤ was initially diluted in water while line is derived from the TRVb CHO cell line, which lacks endogenous hamster Tf receptors. TRVb1 cells have been stably transfected with vortexing, mixed well, then further diluted in labeling medium (serum-free DMEM medium without bicarbonate, buffered with 20 a wild-type human Tf receptor (McGraw et al., 1987) . All cell lines were grown in Ham's F-12 balanced salt solution with bicarbonate mM HEPES to pH 7.4, and containing 100 units/ml penicillin and 100 g/ml streptomycin). Labeling medium also contained 10 mg/ supplemented with 5% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin at 37ЊC in a 5% CO 2 humidified air atmosphere. All ml BSA RIA Grade (Sigma), unless, as indicated in the figure legends, 2 mg/ml ovalbumin (Sigma) was used instead. The peptide was transfected cells were grown in Ham's F-12, 5% FBS, and 0.25 mg/ ml geneticin (Sigma). For fluorescence experiments, the cells were diluted slowly while vortexing, then vortexed further for 3 min. A␤ peptide was allowed to aggregate for 1 hr at room temperature, and plated on poly-D-lysine-coated coverslip dishes as described for the microglia. For experiments with 125 I-A␤, the cells were plated in Cy3-A␤ was allowed to aggregate at room temperature for 15 min before being added to microglial cultures. 24 well plates 2-3 days before an experiment, so that on the day of the experiment, the cells were at about 80% confluence.
Electron Microscopy Proteins
For negative stain electron microscopy, either 20 g/ml A␤ or 1 g/ 1-42 ␤-amyloid peptide was purchased from Bachem (Torrance, ml Cy3-A␤ was dissolved in pH 7.4 buffered DMEM and allowed to CA). The lyophilized powder was diluted in sterile water to 5 mg/ml aggregate for 30 min. The aggregated peptide was then absorbed and kept at Ϫ90ЊC. Fluorescent ␤-amyloid was prepared by derivatonto 200 mesh carbon-coated formvar grids (Electron Microscopy izing it with Cy3, an orange fluorescing carbocyanine dye (Biological Sciences, Inc., Fort Washington, PA), air dried, washed three times Detection Systems Inc., Pittsburgh, PA) according to the instrucfor 5 min by submersion in distilled water, and stained with saturated tions of the manufacturer. 1-42 A␤ was dissolved at 1 mg/ml in aqueous uranyl acetate. Grids were observed at 80 keV using a 0.1 M sodium carbonate-sodium bicarbonate buffer (pH 9.3), then JEOL JEM1200 EX II transmission electron microscope. added to the Cy3 dye. The labeled protein was separated from excess unconjugated dye by dialysis.
125 I-labeled A␤ was prepared using the chloramine T method as described (Yamashiro et al., 1984) .
Fluorescent Labeling of Cells
All labeling was done in air at 37ЊC. Cells were first rinsed twice We iodinated 100 g of A␤ in 0.05 M sodium borate buffer (pH 9.0). The excess 125 I was removed by passage over a G-15 Sephadex with dye-free labeling medium. Aggregated Cy3-A␤ in labeling medium was then added to the medium. Cy3-A␤ was incubated with column and dialysis against borate buffer for 6 hr at room temperature. The specific activity of the 125 I-labeled A␤ was 700 cpm/ng. microglia for varying periods of time at 37ЊC, followed by rinsing and fixation with 2.5% paraformaldehyde freshly diluted in medium Tf was iodinated using the same chloramine T method (Yamashiro et al., 1984) and was provided by Dr. T. McGraw. The specific activity 1 (150 mM NaCl, 20 mM HEPES, 1 mM CaCl 2, 5 mM KCl, 1 mM MgCl 2 [pH 7.4]). To study Ac-LDL uptake, the cells were incubated of 125 I-labeled Tf was 377 cpm/ng. Iron-saturated Tf was prepared from apo-Tf as described (Yamashiro et al., 1984) and further purified in the same way with DiI-Ac-LDL in labeling medium. For Cy3-labeled Tf studies, the day before Tf uptake was measured, the by passage over a S-300 HR column.
Ac-LDL was prepared by acetylation of LDL with acetic anhymedium was replaced with iron-poor medium (McCoy's 5A medium with bicarbonate supplemented with 10% FBS, 100 units/ml penicildride as described previously (Goldstein et al., 1979) and provided by Dr. I. Tabas (Columbia University, NY). Ac-LDL was labeled lin, and 100 g/ml streptomycin) with 4 M deferoxamine mesylate (Sigma) to chelate the iron. Cells were then incubated with labeling with 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine-perchlorate (DiI) (Molecular Probes, Eugene, OR) according to Pitas et medium (DMEM with 10 mg/ml BSA) in the presence or absence of the various competitors for 30 min, as described above. Cy3-Tf or al. (1981) . ␣ 2M was purified, converted to the receptor-binding form, and conjugated to either fluorescein isothiocyanate as previously Cy3-A␤ microaggregates were added, and the cells were incubated for a further 15 min. Cells were rinsed six times and fixed. described (Salzman and Maxfield, 1989) or Cy3 (Biological Detection Bell, M.D., Lopez, G.R., Lawson, L., Hughes, D., Fraser, I., Gordon, Immunofluorescence S., and Perry, V.H. (1994) . Upregulation of the macrophage scavenMicroglia were rinsed twice with labeling medium, then incubated ger receptor in response to different forms of injury in the CNS. J. for 30 min with labeling medium with various amounts of preaggreNeurocytol. 23, 605-613. gated A␤. The cells were rinsed with labeling medium, fixed, permeabilized with 0.1% Triton X-100, then incubated for 1 hr at room Burdick, D., Soreghan, B., Kwon, M., Kosmoski, J., Knauer, M., temperature with a monoclonal antibody specific to A␤ (Senetek Henschen, A., Yates, J., Cotman, C., and Glabe, C. (1992) . Assembly PLC, St. Louis, MO). Control dishes were incubated with irrelevant and aggregation properties of synthetic Alzheimer's A4/␤ amyloid monoclonal antibodies. The cells were then incubated for 1 hr at peptide analogs. J. Biol. Chem. 267, 546-554. room temperature with a rhodamine goat anti-mouse IgG (Pierce, Cai, X., Golde, T.E., and Younkin, S.G. (1993) . Release of excess Rockford IL.). All antibodies were dissolved in medium 1 with 5% amyloid ␤ protein from a mutant amyloid ␤ protein precursor. Scicalf serum (Sigma).
ence 259, 514-516.
Castano, E., Ghiso, J., Prelli, F., Gorevic, P., Migheli, A., and FrangiQuantitative Fluorescence Microscopy one, B. (1986) . In vitro formation of amyloid fibrils from two synthetic Fluorescence microscopy and digital image collection were perpeptides of different lengths homologous to Alzheimer's disease formed using a Leitz Diavert fluorescence microscope equipped ␤-protein. Biochem. Biophys. Res. Commun. 141, 782-789. with a Photometrics (Tucson, Arizona) cooled CCD camera as deChristie, R.H., Freeman, M., and Hyman, B.T. (1996) . Expression of scribed previously (Mayor et al., 1993) . Fluorescence quantitation the macrophage scavenger receptor, a multifunctional lipoprotein was carried out with a 25ϫ objective to obtain a large number of receptor, in microglia associated with senile plaques in Alzheimer's cells per field, whereas the images for visualization purposes were disease. Am. J. Pathol. 148, 399-403. obtained at a higher magnification (63ϫ, NA 1.4 objective) as previously described (Mayor and Maxfield, 1995) . Fields used for quantiCitron, M., Oltersdorf, T., Haass, C., McConlogue, L., Hung, A.Y., tation were selected at random throughout the dish and focused Seubert, P., Vigo-Pelfrey, C., Lieberburg, I., and Selkoe, D.J. (1992) . using phase contrast optics. All such fields were included in the Mutation of the ␤-amyloid precursor protein in familial Alzheimer's quantitative analysis. Prior to quantitating the fluorescence intensidisease increases ␤-protein production. Nature 360, 672-674. ties of each cell in a field, the background signal was removed Citron, M., Vigo, P.C., Teplow, D.B., Miller, C., Schenk, D., Johnston, from the fluorescence image by subtracting the mean pixel intensity J., Winblad, B., Venizelos, N., Lannfelt, L., and Selkoe, D.J. (1994) . measured in the region surrounding the cell. Where noted, the cells Excessive production of amyloid ␤-protein by peripheral cells of in each image (obtained at 25ϫ) were defined by outlining a mask symptomatic and presymptomatic patients carrying the Swedish image. The fluorescence power was then calculated as the sum of familial Alzheimer disease mutation. Proc. Natl. Acad. Sci. USA 91, all the pixel intensities of each individual cell. This procedure was 11993-11997. required when there was significant sticking of fluorescent particles Cotman, C.W., Pike, C.J., and Copani, A. (1992) . ␤-Amyloid neuroto the dish. Otherwise, the total fluorescence power in the field was toxicity: a discussion of in vitro findings. Neurobiol. Aging 13, measured.
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